Abstract-Hot-electron bolometers (HEBs) made with MgB 2 have proven to have a large intermediate frequency and have shown potential for a low noise into the terahertz range. Although practical results from these mixers have been achieved fairly quickly, effort is still needed to realize an MgB 2 HEB with improved sensitivity to compete with state-of-the-art mixers. Here, we present the results of our mixer work to achieve MgB 2 HEBs based on hybrid physical chemical vapor deposition grown films, with improved sensitivity and higher temperature operation. A new fabrication process is developed which utilizes even thinner films (<10 nm) allowing for the improvement of the impedance match of the mixer device with the Au spiral antenna. Integrated superconducting contacts prevent deterioration of the sensitivity due to the electron diffusion. The mixer noise temperature is 2000 and 3600 K at 600 and 1.9 THz, respectively, with minimal dependence on the bath temperature until over 20 K. The noise bandwidth of the mixer is 6.5 GHz at 4.2 K and is expected to be larger at higher operating temperature.
I. INTRODUCTION
T HZ Heterodyne spectroscopy is an important tool in observing our solar system, our galaxy, and other nearby galaxies. It enables the detection of key molecular identifiers, their abundance, and relative velocities [1] . Two of the most significant scientific observations lie at 1.89 THz and 4.74 THz to identify [CII] and [OI], respectively. These lines can be only observed from suborbital or space platforms and the heterodyne receiver technology is still a challenge. The state-of-the-art mixers at frequencies above 1.4 THz are NbN hot electron bolometer (HEBs) [2] - [5] . These mixers have sensitivity around 12 times the quantum limit (hν/k B , roughly 1000 K at 1.9 THz) and require very little local oscillator (LO) power, important because generation of signals at THz frequencies is very [7] . Results for larger bandwidth have been obtained in some works (e.g., [7] - [9] ) through improved acoustic match with the substrate, though this has not been established as the mainstream approach for practical receivers. The critical temperature of the ultra-thin (3-5 nm) NbN films is around 9-11 K, limiting the maximum operating temperature to about less than 8 K. Liquid helium at 4.2 K remains the most practical means of cooling these devices. MgB 2 offers an alternative to NbN with an increased IF bandwidth and operating temperature. In our previous work, the bandwidth has already been shown to be larger than 8 GHz and mixing has been achieved at elevated bath temperatures, as high as 25 K [10] . The sensitivity of these devices was poor compared to state-of-the-art (about 5000 K at 600 GHz), but another group has showed both large bandwidth [11] and low noise temperatures [12] of HEBs made from higher resistivity MgB 2 film with lower critical temperature grown by the MBE process, leading to the conclusion that the material itself does not impede the realization of low noise devices. However, the IF bandwidth of the low noise devices was only 3 GHz [12] . In order to advance the state-of-the-art in MgB 2 HEBs, it is important to show that all of these properties (low noise, high operating temperature, and large IF bandwidth) can co-exist in the same device. The major issues in fabrication of MgB 2 HEBs are difficulty in contacting the ultra-thin superconducting layer and potential diffusion cooling of hot electrons. It has been reported that the diffusion coefficient in these films is much greater than, e.g., Nb [13] , and therefore diffusion cooling may play a role in the devices which are even longer than 1 μm.
In this work, we report on MgB 2 HEBs fabricated by a new process to address both these issues, which has improved sensitivity at THz frequencies. The device exhibits a constant sensitivity to about 0.5 T C and the noise temperature increases by only a factor of 1.5 at 20 K. Additionally, the noise bandwidth measured in these device was 6.5 GHz at low temperature and is expected to be larger at 20 K.
II. EXPERIMENTAL

A. New Fabrication Process
The films used for this work were grown by the Hybrid Physical-Chemical Vapor Deposition Process [14] . The concept was developed around the fact that thicker films can be 1051-8223 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information. thinned down using an Ar ion mill to desired thickness without much degradation in superconducting properties. Further details of this work are reported elsewhere [15] . A 40 nm-thick MgB 2 film is the starting point for the new process. An ion milling step with a low incident angle is used to clean the surface as well as improve the roughness of the film and an Au contact layer is deposited in situ. This low-angle milling has a similar effect on roughness as that reported for high temperature superconductors [16] . The first lithography step is a dumbbell-like structure that includes the bridge and antenna contact areas. Ar ion milling is used to remove the MgB 2 /Au bilayer from the rest of the sample. The resist is removed in O 2 plasma and then a blanket Au layer of 300-400 nm is deposited. A second lithography step defines the antenna which overlaps with dumbbell contact pads. A second ion milling step will remove the Au deposited for the antenna. This etching step is continued into the bridge to remove the original Au passivation layer and thin down the MgB 2 bridge to the desired thickness. This milling step can be broken down into a few steps with the sample removed and the HEB room temperature resistance measured to determine the approximate bridge thickness. The bridges are 1 μm wide and the length ranges from 1 to 3 μm so sheet resistance from 20 Ohms/ to 150 Ohms/ (12 to 6 nm thick, respectively) can achieve devices with a 90% or better match to an approximately 75 Ohm planar antenna impedance [17] . Data reported here come from devices with bridges that are approximately 7-8 nm-thick. Fig. 1 shows an SEM image of an MgB 2 HEB fabricated by the new process. The overlapping contact area can easily be seen on either side of the bridge. The inset shows a schematic of the cross sectional area of the device.
B. Measurement Setup
Measurements were carried out in a similar fashion to what was previously reported [10] . Optimization of this set up has been done to reduce test system's loss at the THz frequencies. THz measurements were taken using a FIR molecular gas cell laser. Fig. 2 shows a schematic diagram of the updated setup. A vacuum box is now used to contain the beam path so that the signal suffers no losses due to absorption in air. Two loads (black body emitters) are installed into the vacuum box, one at room temperature and one in thermal contact with a liquid N 2 dewar. A chopper is imbedded into the box so that a lock-in can be used to increase the signal-to-noise ratio. Noise temperatures as high as 100,000 K can be measured in this way if necessary and stability is mainly limited by the local oscillator. The Mylar vacuum windows have been replaced with high density polyethylene (HDPE). The thickness of the HDPE is 0.5 mm that makes this window resonant (nearly lossless) at 4.25 THz. The window has better than 90% transmissivity at 1.9 THz and 2.5 THz, which are laser lines commonly used for the HEB measurements. Noise bandwidth measurements were done using a variable YIG filter in the IF line. Currently, noise bandwidth measurements were only taken using a 600 GHz local oscillator where the vacuum box was not needed. Finally, an isolator is used for noise temperature measurements to avoid standing waves in the IF line. The isolator is installed on the 4.2 K stage and has a narrowband throughput (1.5-1.65 GHz), but a wideband isolator (3-12 GHz) can be used in the future to improve on the noise bandwidth measurements. The isolator is installed in between the bias-T and the low noise amplifier when used (not depicted in Fig. 2 ).
III. RESULTS & DISCUSSION
The results presented here are from 3 different devices, each of which is the best matching device (closest to 100 Ω normal resistance at 50 K) from 3 different fabrication runs to show the Fig. 3 . IV curves of device #1 and #2 without LO pumping. The IV curve for device #1 is shown under pumping at 1.9 THz compared to unpumped at different temperatures. The inset shows the difference between pumping at 0.6 THz and 1.9 THz.
reproducibility of the process. The DC characteristics of devices on the same chip showed little difference from device to device with J C scaling indirectly with resistance. An overview of the reported devices is given in Table I . The T C of these devices is all around 34 K and the transition width is approximately 1-2 K, although further measurement needs to be done to differentiate between the transition of the contacts and the transition of the bridge itself. It is theorized that the transition width is a large factor in ultimate sensitivity of an HEB [18] . One important thing to note, is that the critical current density, J C , of these devices is much lower than expected. Reported values of J C are usually around 10 MA/ cm 2 for ultra-thin MgB 2 films [19] , yet here we see a factor of 3-5 times smaller J C . It is likely the transition width would be smaller, and device performance would be better if higher J C was be obtained in the devices as the low J C is an indication of reduced film quality. Fig. 3 shows the IV characteristics for device #1 and #2. IV curves are shown for device #1 under radiation at 1.9 THz as well as without radiation at elevated bath temperatures. The curves indicate that there is little difference seen in the IV curve between pumping at high frequency and raising the bath temperature. This implies that the device indeed reacts to THz radiation as a bolometer. Many previous devices showed either Josephson pumping (indicated by shapiro steps, see i.e. [20] ) or just non-bolometric pumping (implying that the THz current with J < J C flows across the bridge not causing pair breaking or heating). The inset of Fig. 3 shows that pumping with 0.6 THz radiation induces some non-thermal effects indicating that the radiation is below or near the gap frequency in the superconducting bridge. In contrast, the pumping at 1.9 THz is "thermal" which means that this frequency exceeds the gap in the material. Similar behavior have been seen before in NbN devices (at lower frequencies) [21] - [23] .
Using the optimized measurement set-up, the noise temperature of device #2 was measured as a function of bias voltage. Fig. 4 shows the current, IF power, and noise temperature of device #2 as a function of bias voltage. The system bath temperature was 8.2 K, and local oscillator frequency was 1.9 THz for this measurement. It is expected that improvements in sensitivity can still be achieved fairly easily. The coupling to the wideband antenna would be improved by 10-20% for a device with about half the normal state resistance. Additional improvements could be seen if anti-reflective coatings were used, particularly on the Si lens which would improve sensitivity by as much as 30%. Overall, we expect to quickly see an improvement by a factor of 2 for these devices bringing MgB 2 into a sensitivity regime where they might be suitable for practical receivers.
One major issue still being addressed for MgB 2 HEBs is the uniformity of film grown by the HPCVD process. The first devices fabricated by the updated process had initial average roughness around 5 nm. These devices showed many switches within the active device area. Fig. 5(a) shows the IV curve of device #3 as an example and Fig. 5(b) shows the PV curve for the same device. Even though it appears that 0.6 THz pumping induces a rounding effect on the IV curve, usually associated with thermal pumping, the IF power shows significant fine structures with many peaks. The IF power is extremely sensitive to the dynamic resistance of the mixer and so these peaks each indicate a switch within the bridge. The sensitivity in this device seemed better than in later mixers (around 1500 K at 600 GHz), likely an effect of the higher J C , however there was no stable bias point between the peaks to use this mixer practically. Direct detection effects of these small switches may have been an issue as well, even though a narrowband mesh filter was used during the noise temperature measurements.
Besides the sensitivity, the temperature dependence and noise bandwidth were also measured. Fig. 6 shows the noise temperature as a function of the bath temperature for device #1 with both 0.6 THz and 1.9 THz local oscillators. The temperature dependence of the noise temperature is nearly identical for the low frequency and high frequency LO. The result indicates a flat dependence until about 0.5 T C . After that a slight increase is seen. The noise temperature rises by a factor of 1.4 at 20 K which is the goal operating temperature for these devices. From our previous work (Ref. [10] ), it is expected that the bandwidth of the mixer should increase by about 10% at 20 K due to an increase in thermal conductance. The fact that the temperature dependence stays the same for the 0.6 THz LO is a good indication that the operation of the device does not change much for frequencies above or below the gap.
The measured noise bandwidth of device #1 is shown in Fig. 7 . According to the fit, the cutoff frequency is about 6.5 GHz. This is slightly less than expected from our previous result using thicker film [10] , but it is likely that electron diffusion played a role in old devices, which is known to increase the bandwidth. This might also explain the lower sensitivity of those mixers. More investigation of the temperature dependence of the bandwidth is needed, but a conservative estimate would still be greater than 7 GHz.
IV. CONCLUSION
In summary, we have developed a process to fabricate MgB 2 HEBs utilizing HPCVD grown films that are thinned down from thicker films. The mixers have small area, thick-film contact pads to promote trapping of the hot electrons in the bridge, avoiding any diffusion cooling effects. The bridges are approximately 7 nm-thick and show improved sensitivity over previous devices. The noise temperature of good devices was about 2000 K at 0.6 THz and 3600 K at 1.9 THz. The noise temperature does not increase significantly until over 20 K and the bandwidth of the mixers is about 6.5 GHz. With better antenna to HEB impedance matching and optimization of the fabrication process and the mixer's optics, at least a factor of 2-3 improvement in sensitivity is expected, which would make MgB 2 mixers the new state-of-the-art in THz heterodyne detectors.
